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A B S T R A C T   

Carbendazim residues were widely present in the worldwide water which caused a potential risk to water 
ecosystem and human health. Therefore, it is necessary to develop environmentally friendly ways to eliminate its 
residue in the contaminated water environments. Herein, the corn straw biochars were prepared at 300 (BC300), 
500 (BC500), and 700 ◦C (BC700). Moreover, using BC700 as precursor, three novel adsorbents of acid, alkali, 
and iron magnetization modified biochar (named as BC700H, BC700N, and BC700M, respectively) were syn
thesized to adsorptive removal of carbendazim from water. Results showed that the adsorption capacity of six 
biochar materials for carbendazim was in the following order BC700M>BC700H>BC700N>BC700 >BC500 
>BC300. The maximum adsorption amount of BC700M reached up to 108.1 mg g− 1. The adsorption of car
bendazim was a spontaneous, endothermic, and randomly increasing process, while both physisorption and 
chemisorption were involved in adsorption process for all prepared biochar materials. For BC700M, pore filling, 
π-π interaction, oxygen-containing groups, and Fe-O complexation were main mechanisms. The BC700M can be 
easily separated and regenerated at least five times under a wide pH range. Overall, as compared to the other five 
biochar materials, this study indicates that Fe-modified corn straw biochar is a promising and sustainable 
adsorbent for carbendazim removal from water environment.   

1. Introduction 

Carbendazim (methyl-2-benzimidazolecarbamate) is an extensively 
used fungicide to control plant diseases in agricultural field [1]. Because 
of its negative effects on human health and other non-target organisms 
even at low concentrations, carbendazim has been banned in some 
countries such as USA and Australia. However, it is still permitted to be 
produced and used in various formulations in some developed and 
developing countries such as Portugal, China, Brazil and India [1–3]. 
Carbendazim is chemically stable and relatively persistent with the 
half-lives ranged from several days to hundreds of days in different 
environments [4–6]. In addition, carbendazim is also the hydrolytic 
product of fungicides thiophanate methyl and benomyl in natural con
ditions [7]. The frequent application of carbendazim and other benz
imidazole fungicide results in its accumulation in soil and water 
environments [8]. Previous studies have reported that different 

concentrations of carbendazim (0.003 µg L− 1-156 µg L− 1) have been 
detected in various water environments including surface water [9], 
groundwater [10], sea water [11], municipal sewage [12], and even 
drinking water [13]. Thus, effective and eco-friendly removal of this 
fungicide from water-bodies is very essential for protection of water 
resources for human use and other living organisms. 

Up to now, many removal methods such as adsorption [14], bio
logical degradation [15], advanced oxidation [8], and photocatalytic 
treatments [16] have been suggested to treat carbendazim contaminated 
water and soil environments. Among the removal techniques, adsorp
tion is regarded as one of the safest and most effective method to remove 
pollutants from water owing to cheaper, simple, and easy availability of 
materials used for adsorption [17]. Biochar is a stable and porous carbon 
material, which is also regarded as an environment-friendly adsorbent. 
In recent years, biochar has been widely used in wastewater treatment 
because it has many unique characteristics including low cost, 
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readily-availability, high-efficiency, and environment-friendly proper
ties [17–19]. Usually, adsorption capacity is the most important indi
cator of biochar quality for removing pollutants, which can be 
influenced by biomass type, carbonization condition, and chemical 
modification [20,21] Chemical modification methods include but are 
not limited to these: acid-and alkali-modification and doping certain 
elements (e.g., P, S, Fe, and Zn etc.) to improve the biochar surface 
structure and or endow special functional groups for enhancing the 
biochar adsorption capacity [22–25]. Using biochar as adsorbent to 
remove carbendazim from water and soil environments has also been 
reported in recent years. For example, Ding et al. [26] prepared sewage 
sludge derived biochar under pyrolysis temperatures of 100–700 ◦C and 
found that 700 ◦C pyrolyzed biochar possessed maximum removal ef
ficiency of carbendazim from soil environment. Wang et al. [27] pre
pared rape straw derived biochar that was treated with H3PO4 at 
300–600 ◦C, and they found higher temperature pyrolyzed and P doped 
biochar have better adsorption capacity to remove carbendazim from 
the water environments. However, there is a need for biochar produced 
from various biomass resources to improve removal process of carben
dazim from contaminated environments. Moreover, the recovery of used 
biochar powder from the treated water is also a big problem. These is
sues highlight the need for further studies on how to improve the 
properties of biochar for increasing its adsorption capacity of carben
dazim and facilely separated after use. 

Corn straw as an abundant natural material in China is usually dis
carded or burned resulting in environment pollution [23]. It is very 
necessary to reasonable unitization of this corn waste for 
eco-environmental sustainability. Therefore, in this study, we used corn 
straw as raw material to prepare biochar under three pyrolysis tem
peratures (300, 500, and 700 ◦C). Moreover, the acid-, alkali-, and 
Fe-modified biochar were prepared using raw biochar as precursor 
through a one-step method. The adsorption capacity of the prepared 
biochar for carbendazim from aqueous solutions was determined and 
compared for selecting the best adsorbent. The physical and chemical 
characteristics of the prepared biochar were analyzed. A series of 
experiment were conducted to investigate the adsorption kinetics, 
thermodynamics, affect factors, and adsorption mechanisms of carben
dazim adsorption by prepared biochar material. The objective of this 
study is to provide an efficient material for highly efficient removal of 
carbendazim from water environment. 

2. Materials and methods 

2.1. Chemicals and preparation of biochar and modified biochar 

Fungicide carbendazim (purity, 97%) was supplied by Hailir Pesti
cides and Chemicals Group (Qingdao, China). Stock solution of car
bendazim (300 mg L− 1) was prepared in methanol for gradient dilution 
to construct quantitative standard curve. Methanol (HPLC grade) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Other analytical 
reagents such as HCl, NaOH, and FeCl3 were purchased from commer
cial corporations. 

Corn straw (Zea mays L.) was collected from Crop Garden of Qingdao 
Agricultural University, China. The collected corn straw was first thor
oughly washed with distilled water to remove water soluble impurities 
and surface adhered particles and then dried at 85 ◦C overnight until a 
constant weight of the material was obtained. The dry biomass was then 
crushed and sieved into a particle size of less than 0.6 mm for biochar 
preparation. The feedstock was placed into a tube furnace and pyrolyzed 
at 300, 500, and 700 ◦C for 2 h under continuous N2 environment, and 
then it was washed with distilled water to neutrality, and dried at 85 ◦C. 
The biochar produced at 300, 500, and 700 ◦C were named as BC300, 
BC500, and BC700, respectively. As for acid- and alkali- modification, 
BC700 was soaked in 1 M HCl and NaOH solutions, respectively, stirred 
and reacted at room temperature (25 ± 2 ◦C) for 24 h, then washed with 
distilled water to neutrality, and dried at 85 ◦C [28]. The obtained acid- 

and alkali- modification biochars were named as BC700H and BC700N, 
respectively. As for magnetic biochar, 10 g corn straw powder was 
soaked in 100 mL of 1 M FeCl3 solution and continuously stirred for 24 h 
at room temperature, then centrifuged at 5500 rpm for 15 min to remove 
supernatant, followed by drying at 85 ◦C for 24 h [29]. The dried 
samples were placed into a tube furnace and pyrolyzed at 700 ◦C for 2 h 
under continuous N2 environment, then washed with distilled water to 
neutrality, and dried at 85 ◦C. The obtained Fe-modified biochar was 
named as BC700M. All the prepared biochar materials were put into 
sealed bags before use. 

2.2. Characterization of biochar materials 

Total carbon (C), hydrogen (H), oxygen (O), and nitrogen (N) con
tents of samples were determined by an elemental analyzer (Elemantar 
Vario EL cube, Germany). The specific surface area and pore size dis
tribution of samples were measured by an automatic specific surface and 
porosity tester (Belsorp- Mini II, Japan). The morphology of the samples 
was observed using a scanning electron microscopy (SEM, Zeiss 
Gemini300, Germany). In addition, a transmission electron microscope 
(JEM-2100 F, Joel, Japan) was used to observe the morphology of the 
Fe-modified biochar. The surface functional groups of the samples were 
analyzed via a Fourier transform infrared spectroscopy (FTIR, Bruker 
Vertex 70, Germany). The surface crystallinity of Fe-modified biochar 
was characterized by an X-ray diffractometry (XRD, Bruker D8 Focus, 
Germany). 

2.3. Adsorption experiments 

All the adsorption experiments of carbendazim on various biochar 
materials were performed in a batch mode. Each treatment was con
ducted in triplicates. For the adsorption kinetic studies, 10 mg of biochar 
materials were weighed into carbendazim aqueous solution (30 mL, 25 
mg L− 1) and stirred at 150 rpm at room temperature. Aliquots (1.0 mL) 
were sampled at 0, 0.17, 0.33, 0.5, 0.75, 1.0, 1.5, 2.5, 5, 9, 14, and 24 h, 
filtered through 0.45 µm filters for determination of carbendazim con
centration. For the adsorption thermodynamics studies, 10 mg of bio
char materials were put into a series of concentrations (5.0, 10.0, 15.0, 
20.0 and 30.0 mg L− 1) of carbendazim aqueous solution (30 mL) and 
stirred at 150 rpm at 25, 35, and 45 ◦C. After equilibrium, the concen
tration of carbendazim in supernatant was determined. Finally, the ef
fects of pH on adsorption of carbendazim were also studied. The 
experimental protocol is same with thermodynamics experiment. The 
concentration of carbendazim in supernatant were determined by ultra- 
high performance liquid chromatography (UHPLC, Thermo Scientific 
Vanquish, USA) equipped with a reversed-phase C18 column (Thermo 
Hypersil GOLD, 3 µm, 2.1 mm × 100 mm) and a UV detector at a 
wavelength of 281 nm. The mobile phase was consisted of methanol and 
water (50:50, v/v) with a flowrate of 0.3 mL min− 1. 

2.4. Data analysis 

All treatments of adsorption experiment were in triplicate and the 
data were presented as mean ± standard deviation (SD) at confidence 
intervals of 95%. The calculation equations of adsorption amount, and 
kinetic, isotherm and thermodynamic models were provided in Text S1 
of Supplementary Information. 

3. Results and discussion 

3.1. Characterization of the biochar materials 

The element (C, H, O, and N) composition, specific surface area, and 
pore size distribution of biochar materials are given in Table 1. For non- 
modified corn straw biochar, with the increasing of pyrolysis tempera
tures, the C contents obviously increased, while the H and O contents 
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obviously decreased, and the N content was relatively steady although 
has a slight decrease. This can be attributed to the fact that higher py
rolysis temperature resulted in the loss of H and O, thereby leading to 
the accumulation of C contents [30]. The elemental ratios of H/C, O/C, 
and (O+N)/C are usually used to indicate the carbonization, aroma
ticity, and polarity, respectively [31]. According to the changes in the 
values of these indicators (Table 1), the aromaticity of biochar was 
increased, and it was accompanied by a decrease in polarity with the 
pyrolysis temperature increasement. As for modified biochar materials, 
the values of elemental composition and ratios for BC700H, BC700N, 
and BC700M were similar to those of BC700. These results indicated that 
HCl, NaOH, and FeCl3 modification did not produce obvious effects on 
the chemical characteristics of the corn straw biochar. The larger surface 
areas and pore volumes of corn straw biochar were observed with py
rolysis temperature increasement. This is because the pores are not well 
formed in plant tissues at low temperature. With increasing of pyrolysis 
temperature, aliphatic and volatile ingredients were removed and the 
amorphous carbons condensed to crystalline carbons which was 
conducive to the formation of more pores [32,33]. After biochar treat
ment with HCl, NaOH, and FeCl3, the surface areas were increased from 
33.3 m2 g− 1 to 40.24, 82.64, and 173.9 m2 g− 1, respectively (Table 1), 
indicating that acid- and alkali-, especially iron modification could 
significantly increase the specific surface area and pore volume of the 
biochar [17,22]. 

The SEM observation demonstrated that the surface of corn straw 
biochars produced at three pyrolysis temperatures were smooth and 
have multiple different sizes of pores (Fig. 1a, b, and c). However, after 
being treated by HCl and NaOH, the surface of the biochar materials 
became rough and partial collapse and more small pores were observed 

(Fig. 1d and e), indicating that chemical modification using HCl and 
NaOH might corrode the raw biochar and change its surface morphology 
[20]. When the biochar was modified by FeCl3, the surface of the bio
char changed much rougher and many irregular particles adhered to the 
surface of biochar (Fig. 1f), indicating that Fe was successfully 
impregnated in the surface and in the pore structure of biochar. The TEM 
image of Fe-modified biochar further exhibited that the rod-shaped iron 
oxide crystals were deposited on the surface of the biochar (Fig. 2), 
which was also confirmed by the results of XRD. This can be attributed 
that FeCl3 could react with carbohydrate polymers on the biochar 

Table 1 
The physio-chemical properties of biochar materials.  

Adsorbents Composition (%) Atomic ratio Surface area (m2 g− 1) Pore volume (cm3 g− 1) 

C H O N H/C O/C (O+N)/C 

BC300  56.57  4.69  20.47  1.27  0.99  0.27  0.29  4.35  0.03 
BC500  64.01  2.54  15.23  1.12  0.48  0.18  0.19  7.91  0.05 
BC700  70.76  1.65  9.42  1.03  0.28  0.10  0.11  33.3  0.08 
BC700H  73.56  1.38  8.41  1.06  0.23  0.09  0.10  40.24  0.13 
BC700N  72.15  1.24  8.52  1.12  0.21  0.09  0.10  82.64  0.17 
BC700M  71.48  1.58  9.37  1.02  0.27  0.10  0.11  173.9  0.33  

Fig. 1. SEM images of biochar materials.  

Fig. 2. TEM image of FeCl3 modified biochar.  
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surface during the pyrolysis process, causing the formation of bulk 
particles and decomposition of biochar surface, which implies that the 
adsorption sites and ion exchanged capacity of biochar improved [17, 
34]. 

The XRD spectra of prepared biochar materials are illustrated in  
Fig. 3a. As for the non-modified corn straw biochar, the wide diffraction 
peaks near 2θ= 22◦ were the characteristic peaks of cellulose and 
hemicellulose [35]. With increasing of pyrolysis temperature, the in
tensities of the characteristic peaks were gradually decreased. This could 
be attributed to the fact that higher temperature causes the destruction 
of cellulose microcrystalline structure and the release of volatile com
ponents [35]. In BC500 and BC700, the presence of sylvite mineral 
(2θ=28.3◦ and 40.8◦), quartz (2θ=26.7◦), and calcite (2θ=49.1◦) were 
observed, indicating that the crystallinity of minerals was formed at 
higher pyrolysis temperature [36]. Except for peaks of sylvite mineral, 
the XRD spectra of BC700N and BC700H were similar to that of BC700, 
indicating that HCl and NaOH treatments have little effect on the overall 
crystal structure of biochar. However, FeCl3 treatment (BC700M) 
significantly changed the XRD spectra of biochar. Obvious diffraction 
peaks of Fe3O4 (2θ=30.2◦, 43.1◦, 57.1◦, and 62.6◦) and γ-Fe2O3 
(2θ=35.5◦) were observed [37]. It was confirmed that biochar surface 
had large amount of iron oxides, which was in good agreement with the 
results of the SEM and TEM analysis. 

The FTIR spectra of prepared biochar materials are shown in Fig. 3b. 
The broad peak near 3400 cm− 1 corresponded to the -OH stretch vi
bration. At 300, 500, and 700 ◦C (BC300, BC500, and BC700), its 

intensity decreased with increasing temperature, which indicated that 
higher temperature promoted the dehydration of cellulose and ligneous 
compounds [38]. The peak near 2918 cm− 1 corresponded to the vibra
tion of long-chain aliphatic carbon. Its intensity gradually decreased 
with increasement of pyrolysis temperature, thus implying that aliphatic 
carbon was destroyed at higher temperatures [39]. The peaks at 
800–1700 cm− 1 were regarded as the vibration of some aromatic func
tional groups such as C––C, C––O, and C-OH, etc. [40]. Their intensities 
were decreased with increasing of pyrolysis temperature suggesting that 
higher temperature increased the aromaticity of corn straw biochar 
[30]. As compared to BC700, the infrared peaks of samples BC700N and 
BC700H did not change obviously except for the intensity, indicating 
that NaOH and HCl modification could not change the types of func
tional groups but they changed the number of some functional groups. 
The peak intensity of -OH increased after acid-base modification as 
compared to the non-modification indicating that the oxygen-containing 
functional groups increased on the biochar surface. These 
oxygen-containing groups on the biochar could enhance the adsorption 
of biochar on organic substances by providing certain active sites [22]. 
As for FeCl3 modification (BC700M), the infrared spectrum was similar 
to that of unmodified biochar (BC700), indicating that Fe particles have 
little effect on the types of functional groups in biochar. However, the 
peak near 557 cm− 1 corresponded to the vibration of Fe-O bond [41]. 
Compared with the modified biochar, this peak gets wider and weaker in 
Fe-modified biochar, indicating that iron oxide particles were success
fully loaded onto the surface of biochar [42,43]. This result was also 
confirmed via TEM and XRD. 

3.2. Adsorption kinetics of carbendazim onto biochar materials 

Overall, the adsorption of carbendazim onto biochar materials 
exhibited an initially rapid process followed by a slow process until an 
equilibrium was reached. As shown in Fig. 4a, the maximum adsorption 
quantities of prepared biochar materials for carbendazim were in the 
order BC700M (108.1 mg g− 1)>BC700H (63.2 mg g− 1)>BC700N 
(61.6 mg g− 1)>BC700 (49.5 mg g− 1)>BC500 (30.7 mg g− 1)>BC300 
(23.5 mg g− 1), indicating that Fe-modified biochar was the best adsor
bent for removal of carbendazim from aqueous solution. Moreover, our 
results also indicated that the adsorption quantities of unmodified bio
char increased with increasing pyrolysis temperature. According to the 
physicochemical characteristic of prepared biochar, the higher adsorp
tion quantity can be attributed to the formation of higher pore struc
tures, specific surface area, and functional groups [20,29,44]. Biochar 
materials BC700, BC700N, BC700H, and BC700M were selected as the 
adsorbent in the next series of experiment due to their higher carben
dazim removal efficiencies. To clarify the adsorption process, herein, the 
pseudo first-order and pseudo-second-order models were firstly used to 
analyze the adsorption kinetics of carbendazim (Fig. 4b and c, Table S1). 
It was shown that, for four biochar materials, the calculated correlation 
coefficient (R2) values by pseudo-second-order model were above 0.90 
and higher than the R2 values calculated by pseudo first-order model. 
Moreover, the calculated adsorption quantities (qe) by 
pseudo-second-order model were better fitted with the experimental 
data. Therefore, the adsorption process of carbendazim was well 
described by a pseudo-second-order model, indicating the adsorption 
process was affected by chemical interactions [27]. The more detailed 
carbendazim adsorption onto the four biochar materials was obtained by 
an intra-particle diffusion model (Fig. 4d, Table S2). The result showed 
that adsorption process includes two sequential processes. The first stage 
was the instantaneous adsorption of carbendazim onto the external 
surface of the biochar materials, indicating that the diffusion rate of 
boundary layer was faster than that of intra-particle diffusion [23]. The 
second stage was the carbendazim molecules entered into the pores of 
biochar material and finally reached an equilibrium state, which was a 
gradual adsorption controlled by the intraparticle adsorption and 
diffusion process. This can be attributed to the extremely low Fig. 3. XRD patterns (a) and FTIR spectra (b) of biochar materials.  
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carbendazim concentration left in the water and limited adsorption sites 
of the adsorbent surface [27,45]. In addition, the constants (c) were not 
zero, which indicated that the intra-particle diffusion was not the only 
rate-limiting step in the adsorption process and other adsorption 
mechanisms could also affect the adsorption process of carbendazim in 
some degree [46]. 

3.3. Adsorption isotherms of carbendazim onto biochar materials 

The adsorption behaviors of carbendazim onto four biochar mate
rials were examined by Langmuir and Freundlich isotherm models 
(Fig. 5), and the calculated parameters are given in Table S3. As for 
BC700, BC700H, and BC700N, the R2 values are 0.976, 0.952, and 0.913 
for Langmuir isotherm model, and 0.970, 0.927, and 0.902 for 
Freundlich isotherm model, respectively. This suggested that both 
isotherm models could well describe the adsorption isotherm effect, and 
the mono- and multiple-layer adsorptions played an important role in 
removing carbendazim from water by BC700, BC700H, and BC700N. 
However, for BC700M, Freundlich isotherm model (R2 =0.946) fitted 
the data well than Langmuir isotherm model (R2 =0.804), thus indi
cating that the multilayer adsorption was the main way to remove car
bendazim toward the heterogeneous surface of the Fe-modified biochar 
[14]. In addition, the KL value (0.869, calculated by Langmuir isotherm 
model) for BC700M was higher than those of other biochar materials 
and the 1/n value (0.321, calculated by Freundlich isotherm model) for 
BC700M was the smallest in all four biochar materials. This further 
indicated that Fe-modified biochar had the strongest adsorption affinity 

Fig. 4. The maximum adsorption quantity of carbendazim onto biochar materials (a); pseudo-first-order kinetic model fitting curves (b); pseudo-second-order kinetic 
model fitting curves; intra-particle diffusion model fitting curves (d). 

Fig. 5. Isotherm fitting curves of carbendazim adsorption onto bio
char materials. 
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towards carbendazim as compared to the other biochar materials [47]. 

3.4. Adsorption thermodynamics of carbendazim onto biochar materials 

The thermodynamic parameters such as Gibbs free energy change 
(ΔG◦), enthalpy change (ΔH◦) and entropy change (ΔS◦) are usually 
used to analyze the adsorption mechanism [28,46,48]. In this study, as 
shown in Table 2, the values of ΔG◦ were negative for all adsorbents, 
suggesting that adsorption process was spontaneous [49]. Moreover, the 
ΔG◦ value was in the range of − 20–0 kJ mol− 1, indicating that the 
adsorption of carbendazim onto BC700, BC700H, BC700N, and BC700M 
was primarily a physical adsorption process [48]. The ΔH◦ values of all 
the treatments were positive, demonstrating that the carbendazim 
adsorption was an endothermic process and a relatively high tempera
ture is more favorable [50]. This result was also confirmed by the effect 
of temperature on carbendazim removal (Fig. S1). The values of ΔS◦

were positive for all the prepared biochar materials, indicating that the 
randomness at the solid-solution interface increased during adsorption 
process due to the desolvation of carbendazim molecule impregnated 
the adsorbents surface [51,52]. In this study, particularly, Fe-modified 
biochar (BC700M) displayed the greater randomness, which also sup
ported its better adsorption performance [53]. 

3.5. Influence of initial pH 

The adsorption characteristics of carbendazim on to four biochar 
materials under different pH ranges are shown in Fig. 6a. The adsorption 
of carbendazim initially increase (pH<5) and then deceased at higher 
pH (pH>8). Under pH range of 5–8, the higher adsorption capacity and a 
steady state were observed for each biochar materials, indicating that 
the prepared biochar materials could be used to effectively remove 
carbendazim from water with a wide pH range [27]. Carbendazim is an 
ionic organic compound with dissociation constant of pKa1= 4.2 and 
pKa2= 9.6 [54]. Thus, it exists as a cation form at pH＜4.2, and as anion 
form at pH> 9.6, while it is in a neutral molecule form when 4.2＜pH＜ 
9.6 [14]. The zeta potential of BC700, BC700H, BC700N, and BC700M 
decreased with pH increment and their zero potential charge (pHzpc) 
were 4.28, 4.13, 4.48, and 4.65, respectively (Fig. 6b). Generally, the 
adsorbent surface has positive charge when the pH of solution is below 
its pHzpc, otherwise it has negative charge [55]. Therefore, the adsorp
tion capacities of four biochar materials obvious decreased in acid and 
alkaline solutions and it was attributed to the greater electrostatic 
repulsion [56]. In near neutral environment, carbendazim exists as a 
neutral molecule without charge, the adsorption is independent of the 
electrostatic interaction. This environment is conducive to other 
adsorption effects (e.g., pore-filling, hydrophobic interactions, 
H-bonding, and π-π interaction) that improve the adsorption efficiency 
[27]. 

3.6. Regeneration and application of Fe-modified biochar 

Our results showed the adsorption capacity of Fe-modified biochar 
(BC700M) for carbendazim was the highest in all prepared biochar 
materials. Its adsorption capacity was 2.2, 1.8, and 1.7 times than that of 
BC700, BC700N, and BC700H, respectively (Fig. 4a). Compared with 
previously reported adsorbents (Table S4), BC700M had comparable or 
higher adsorption capacity, suggesting the application potential for 
pollutants removal from aquatic environments. In addition, Fe-modified 
biochar was more conducive to recycling and reuse. Therefore, herein, 
the regeneration of BC700M was investigated. According to the pre
liminary experiment, 1.0 M HCl was used as the desorption solvent 
because it has the most desorption efficiency (>95.0%). The regenera
tion was performed with 10 mg BC700M with 30 mL carbendazim so
lution (25 mg L− 1). Result showed that adsorption capacity of BC700M 
on carbendazim slightly decreased with increasing number of cyclic 
utilization (Fig. 6c), which may be attributed to the fewer active sites 
caused by incomplete desorption of carbendazim onto BC700M surface. 
However, after five rounds of recycling, the carbendazim removal effi
ciency of BC700M was still above 85% (Fig. 6c), suggesting that FeCl3 
modified corn straw biochar is an excellent and reusable absorbent 
material for carbendazim removal from aquatic environment. To further 
clarify the applicability of the BC700M, a simple adsorption experiment 
for the removal of carbendazim from actual waterbodies was performed. 
The obtained removal rates of carbendazim were 98.7% and 96.8% from 
tap water and river water, respectively. This result indicated that FeCl3 
modified corn straw biochar could effectively remove carbendazim from 
the actual water environment. 

3.7. Possible mechanism of carbendazim adsorption 

In this study, the above characterization analysis, adsorption ki
netics, isotherms, thermodynamics, and pH experiment revealed that 
multi-mechanisms including physisorption and chemisorption played 
crucial roles in carbendazim adsorption onto the prepared biochar ma
terials. Physio-chemical properties illustrated that higher pyrolysis 
temperature and modification significantly increased specific surface 
area of biochar, which positively related to the carbendazim adsorption 
amount. This indicated that pore-filing was a main factor determining 
the carbendazim adsorption. Pseudo-second-order model well described 
the adsorption process, indicating that hydrogen bonding and π-π 
conjugation were involved in the adsorption process [55]. Moreover, 
intraparticle diffusion was regarded as the important rate-limiting step 
which was allocated to the microporous of biochar. Fitting results from 
isotherm models indicated that monolayer chemisorption and multi
layer physisorption were formed on the prepared biochar materials [17]. 
The values of ΔH◦,ΔG◦ and ΔS◦ suggested that FeCl3-modified biochar 
had the greater spontaneity and randomness in carbendazim adsorption 
process [24]. As for BC700M, FTIR result illustrated the new peak at 
1157 cm− 1 appeared after adsorption (Fig. S2a), indicating that some 
forces such as hydrogen bounds, π-π interactions, and van der Waals 
forces played important roles in conjugation between carbendazim and 
the oxygen-containing functional groups of biochar [25,57]. Moreover, 
the XRD spectra has not obvious difference before and after adsorption 
(Fig S2b), implying that the Fe-O structural compounds provided more 
available active sites and enhanced the adsorption of carbendazim by 
surface complexation [17]. Overall, the mechanisms of carbendazim 
onto four biochar materials, especially Fe-modified biochar, were 
dominated by pore filling, π-π interaction, oxygen-containing groups, 
and Fe-O complexation. 

4. Conclusions 

In this study, six corn straw derived biochar materials were suc
cessfully prepared and tested for their ability to remove carbendazim 
from water environment. The results showed that pyrolysis temperature 

Table 2 
Thermodynamic parameters of carbendazim adsorption onto four biochar 
materials.  

Adsorbents Temperature 
(K) 

ΔG◦ (kJ 
mol− 1) 

ΔH◦ (kJ 
mol− 1) 

ΔS◦ (J mol− 1 

K− 1) 

BC700  298 -13.67  7.66  51.34   
308 -14.16       
318 -15.33     

BC700H  298 -12.90  10.18  77.48   
308 -13.66       
318 -14.48     

BC700N  298 -8.16  9.83  64.39   
308 -9.90       
318 -11.07     

BC700M  298 -12.21  11.22  88.92   
308 -12.87       
318 -13.46      
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had a positive effect on increasing biochar surface area, pore structure 
and functional groups, all these properties accelerated the adsorption of 
carbendazim. Pristine biochar was modified by HCl and NaOH, espe
cially FeCl3 at 700 ◦C significantly increased the adsorption of carben
dazim in a near neutral solution (pH 5–8). The maximum adsorption 
capacity of Fe-modified biochar (BC700M) onto carbendazim reached 
up to 108.1 mg g− 1. The pseudo-second-order kinetic model and 
Freundlich isotherm model fitted well with experimental data. The 
adsorption of carbendazim was a spontaneous, endothermic, and 
randomly increasing process. The adsorption of carbendazim onto 
BC700M were dominated by physical and chemical mechanisms. The 
main adsorption mechanisms included pore filling, π-π interaction, 
oxygen-containing groups, and Fe-O complexation. Additionally, 
BC700M can be effectively regenerated and applied in the actual car
bendazim contaminated water, indicating that FeCl3 modified corn 
straw biochar was a promising and sustainable adsorbent for purifica
tion of water environment contaminated by organic pollutants. 
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